je n n i f e r tru d e au k a re n sm i t h c o n way a n d re a ku t i n ova me n c l ova A B S T R A C T This research explores the role of sunshine in birth outcomes production, focusing primarily on fetal growth. The most obvious mechanism is through vitamin D absorption, which could explain racial disparities in birth weight because skin pigmentation inhibits this process. However, sunshine may have additional effects and is closely connected to environmental factors, season of birth, and geography. Combining daily weather data with 1989-2004 birth outcomes from the Natality Detail Files, we estimate sunshine's effects in a range of models that disentangle these confounding factors. Our results suggest that sunshine has a positive but diminishing effect on birth weight for blacks and a negative effect for whites. These findings are consistent with the presumed positive but diminishing effects of sunshine via vitamin D balanced against the possible negative effects via folic acid depletion and immune system impairment. The estimated magnitudes are in line with those found for other key factors such as feeding programs and air pollution and suggest that sunshine's effects explain a nontrivial portion of racial differences in birth weight. Implications include possible interventions (vitamin supplementation for blacks, sun avoidance for whites) and the need to include sunshine as a potentially important factor in birth outcomes research. 
I. Introduction
This research investigates the effects of a heretofore unexplored factor-sunshine-on the production of infant health and the implications for racial disparities in particular. The most obvious effect of sunshine is its role in the production of vitamin D. Because skin pigmentation inhibits vitamin D production from the sun, this effect likely differs by race and could help explain the well-documented racial gap in birth outcomes (e.g., Goldenberg et al. 1996; Dubay et al. 2001; Lhila and Long 2012) . Vitamin D deficiency is fairly widespread, and it is especially prominent among blacks, including pregnant women. 1 Jennifer Trudeau, Sacred Heart University, Department of Business Economics. Karen Smith Conway (corresponding author, karen.conway@unh.edu), University of New Hampshire, Department of Economics. Andrea Kutinova Menclova, University of Canterbury, Department of Economics and Finance. 1 For instance, one study found vitamin D insufficiency among 92.2 percent of non-Hispanic black pregnant women, compared with 49.1 percent of non-Hispanic white pregnant women .
Medical research on the effects of vitamin D on birth outcomes and its possible link to racial disparities has exploded in recent years, but the evidence has been mixed and limited in scope. 2 In addition, recent medical research suggests that sun exposure may have negative direct effects as well, as UV radiation is associated with a depletion of folic acid-a key nutrient before and during pregnancy-and impairment of the immune system (Fukuwatari, Fujita, and Shibata 2009; Norval 2011; Norval and Halliday 2011) . The effect of sunshine on birth outcomes is thus both theoretically ambiguous and empirically unresolved and likely differs by race.
Our research contributes to the literature by incorporating sunshine and temperature into a standard infant health production function, which we then estimate using the Natality Detail Files from 1989 to 2004 and daily meteorological data from NASA's Surface Meteorology and Solar Energy: Daily Data (1983 Data ( -2006 . Our empirical analyses address possibly confounding factors such as locational and seasonal effects, selection into pregnancy, and other environmental factors such as air pollution. We also explore many measures of weather, including those that allow for differing effects by point in pregnancy and weekends versus weekdays, and for more complicated and nonlinear relationships in sunshine and temperature. Our results suggest a negative effect of sunshine on birth weight among whites (presumably through folic acid depletion or immune system impairment) and a positive effect-at least up to a point-among blacks (whose vitamin D deficiency is widely established). The sizes of these effects are similar to those found for other interventions and are nontrivial: among full-term births, moving from the first decile of insolation to the 10th is estimated to close the racial birth weight gap by about 26 grams, representing approximately 12 percent of the gap observed in our data.
Our findings have implications for other economic studies of infant health. Sun exposure is strongly correlated with geography and season of birth and therefore may help explain the strong differences in birth outcomes observed (e.g., Cullen, Cummins, and Fuchs 2012; Buckles and Hungerman 2013) . Likewise, a growing body of economics research has found environmental factors such as air pollution, natural disasters, and temperature-all of which are correlated with sunshine-to have an impact on birth outcomes (e.g., Deschenes, Greenstone, and Guryan 2009; Currie, Neidell, and Schmeider 2009; Simeonova 2011; Andalón et al. 2014 ). Yet, none have considered the effects of sunshine. Even the effects of policies designed to improve birth outcomes have potential, albeit indirect, connections to sunshine. Feeding programs such as Women, Infants, and Children (WIC) and food stamps (Supplemental Nutrition Assistance Program, SNAP) emphasize folic acid and calcium-rich foods (which aid in the absorption of vitamin D). These nutrients are potentially affected by sun exposure, which could help explain the stronger effects See also Dror and Allen (2010 , Table 1 ) for a summary of studies of the prevalence of vitamin D deficiency during pregnancy for different groups. 2 Recent work includes , Brannon and Picciano (2011) , Dror and Allen (2010) , Lapillonne (2010) , Lewis et al. (2010) , Ponsoby et al. (2010) , and Grayson and Hewison (2011) and typically deals with very small samples of women in one geographic location and/or observing them at only one point during their pregnancy. Evidence from randomized control trials (RCTs) is notably lacking (Brannon and Picciano 2011) ; Wagner et al. (2013) is the most recent RCT to our knowledge. on height that are larger for blacks than for whites or mulattos (2009, 155, Table 3 ). Using a Blinder-Oaxaca decomposition to identify the sources of height differences, he concludes that black-white differences are mostly due to unobservables, but that "the majority of the stature differential due to observable characteristics is associated with insolation" (156). Moreover, more than 50 percent of the 2.21-centimeter height difference between black individuals born in Africa versus those born in the United States is attributable to insolation (sun exposure).
More recently, Wernerfelt, Slusky, and Zeckhauser (2014) investigate the impacts of sun exposure during pregnancy on later-life asthma of the offspring and find significant beneficial impacts of sunshine during the second trimester. The study unfortunately does not stratify by race, hindering any conclusions about the role of sunshine in explaining racial health discrepancies.
Economic studies of birth outcomes most relevant to our paper are those that investigate the effects of extreme weather (Deschenes, Greenstone, and Guryan 2009; Deschenes and Moretti 2009; Simeonova 2011; Currie and Rossin-Slater 2013; Andalón et al. 2014 ) and season of birth (Kestenbaum 1987; Lokshin and Radyakin 2012; Buckles and Hungerman 2013) . Research on extreme weather is often motivated by and linked to the welfare costs of climate change and focuses on controlling for confounding factors. Such research has found that exposure to extremely hot or cold temperatures 5 or natural disasters (storms, floods, etc.) has a detrimental effect on birth outcomes, but has provided little evidence on the causal mechanisms at work and has not considered possible sun exposure as a factor. 6 Season-of-birth research often includes weather differences as one of several possible reasons for seasonal differences in birth outcomes, but has not explored the link directly. Rather, it has used these seasonal differences to question the validity of season of birth as an instrumental variable (Buckles and Hungerman 2013) and/or explore the validity of alternative explanations (Lokshin and Radyakin 2012) . Endogenous self-selection is a key explanation, as women may plan their pregnancies with regular weather or other seasonal patterns in mind (e.g., holidays, vacations, school year; see Buckles and Hungerman 2013; Basso et al. 1995) . The falsification testing we conduct reveals the importance of this selection and that it may be location-specific, a nuance that is sometimes overlooked but is accounted for in our models in a manner similar to Buckles and Hungerman (2013) .
Another relevant line of economic research explores the effects of air pollutants on infant health. Air pollution seems likely to play a similar role within an infant health 5 Basu, Malig, and Ostro (2010) is an especially careful epidemiological study of birth outcomes that finds high temperatures increase the risk of preterm birth. Deschenes and Moretti (2009) focus on the effects on mortality (across age groups) of both hot and cold temperatures. Their evidence suggests a "harvesting" effect for hot temperatures, whereby death rates actually fall in the days following a heat wave, and a more persistent effect of extremely cold temperatures. See also Deschenes (2014) for a review of research into the health effects of temperature. 6 Aizer, Stroud, and Buka (2012) provide evidence for one potential mechanism-maternal stress-via maternal blood cortisol levels. Sun exposure may play a role here, too, as clinical evidence suggests a relationship between vitamin D status and mental health outcomes such as depression and stress (Premkumar et al. 2013; Cassidy-Bushrow et al. 2012; Ganji et al. 2010; Humble 2010). production model and to suffer from similar confounding effects as insolation. The two factors may be directly related as well, as ozone may impede solar insolation (Webb and Engelsen 2006) and sunshine aids in the production of ozone from auto emissions (Knittel, Miller, and Sanders 2011) . Currie (2011) provides a summary of confounding factors in estimating the causal effects of air pollution, including its correlation with unobserved factors such as economic activity and mothers' decisions to locate in a polluted area. While changes in sun exposure over time seem less likely to suffer from these confounding effects, especially during our sample period when the possible benefits of vitamin D were little known, our results must be interpreted with similar caveats in mind.
Sun exposure is correlated with temperature, season of birth, and air pollution and yet has been excluded as a factor in past research. Our study therefore provides evidence for the possible effects of this omission. We also borrow from previous literature in devising empirical strategies to control for these other environmental factors and other confounders in our attempt to identify the causal effect of sun exposure. Finally, as the clinical research discussed next reveals, sunshine's effects manifest via nutrients and thus its effects also have implications for racial differences in the efficacy of feeding programs and prenatal care.
B. C L I N I C A L E V I D E N C E O F P O S S I B L E E F F E C T S O F S U N S H I N E O N B I R T H O U T C O M E S
To our knowledge, the effects of sunshine, as well as its possible conduits vitamin D and folic acid, on birth outcomes have been studied only in other disciplines, primarily clinical research. The most obvious and heavily emphasized direct health effect of sun exposure is via vitamin D absorption (e.g., Holick 2002 Holick , 2007 . Numerous studies have explored the role of vitamin D during pregnancy, resulting in a large number of review articles in just the last few years (e.g., Brannon and Picciano 2011; Dror and Allen 2010; Lapillonne 2010; Lewis et al. 2010; Ponsoby et al. 2010; Grayson and Hewison 2011) . These reviews typically discuss the determinants and prevalence of vitamin D deficiency among pregnant women and then proceed to the possible biological mechanisms and empirical evidence regarding the effects of vitamin D on a host of pregnancy and birth outcomes. The main conclusions from these reviews are similar and so we discuss them as a group. The evidence of sun exposure affecting health via vitamin D production is summarized with three links. Vitamin D is a fat soluble seco-sterol that acts as an agent in the absorption and transport of calcium in the body. It appears in two forms: (1) ergocalciferol or vitamin D 2 , which is acquired via ingestion of certain foods (fish, dairy); and (2) cholecalciferol or vitamin D 3 , which is produced in the body via exposure to UVB radiation and photosynthesis within the skin-that is, link #1 above (CDC 2008) . While both sources are currently available as supplements for over-the-counter consumption, during the time of our study supplementation was very limited and health policy was primarily driven by concerns about vitamin D toxicity rather than deficiency (Vieth 2007) .
Insolation
7 Both mechanisms, diet and sun exposure, may differ by race (Arab et al. 2003; Swamy et al. 2011) . Studies show that up to 70 percent of blacks have lactase non-persistence, leaving them susceptible to symptoms of lactose intolerance (Byers and Savaiano 2005) which in turn makes them less likely to consume dairy (vitamin D 2 rich) foods. Likewise, vitamin D 3 is not photosynthesized consistently across different concentrations of skin pigmentation and is inhibited by darker skin.
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It is this second mechanism, link #1 (sun exposure → vitamin D), which is of primary interest here. The empirical evidence is well established (e.g., Mulligan et al. 2010; Bodnar et al. 2007; Reusch, Ackermann, and Badenhoop 2009; Nesby-O'Dell et al. 2002; Harris and Dawson-Hughes 1998) and yields several key insights. First, the body regulates the amount of vitamin D acquired, preventing hypervitaminosis D (toxicity) from occurring as a result of sun exposure (Holick 2007) . Put simply, one cannot overdose on vitamin D via sun exposure; in production terms, link #1 exhibits diminishing marginal returns. Second, UVB, the catalyst of the photosynthesizing process, is one of the most harmful forms of UV radiation (HPS 2009), and researchers therefore recommend individuals get outdoors for a "sensible" 5-30 minutes' exposure twice a week, during the midday hours when insolation is direct, so that they can reap the benefits of sunshine while spending the least amount of time under the sun (Holick 2007) . Third, the distribution of UVB radiation varies greatly across latitude and season (Godar et al. 2012; Terushkin et al. 2010; Reusch, Ackermann, and Badenhoop 2009) , and factors such as ozone composition reduce the amount of insolation that reaches Earth's surface. For instance, on a clear day in June and at a latitude of 42.5 degrees (e.g., Buffalo, New York) a fair-skinned Caucasian woman can achieve sufficient vitamin D production in 4 minutes at noon, while it takes 19 minutes for a dark-skinned woman. In December, the required time increases to 70 minutes for fair skinned women, with duration for dark-skinned women exceeding the length of the day (Webb and Engelsen 2006) .
This discrepancy in vitamin D synthesis helps explain both seasonal and racial disparities in vitamin D sufficiency-and thus perhaps infant health outcomes, as argued by Fuller (2000) and others. Widespread deficiency and insufficiency of vitamin D has been found among all groups, but especially among pregnant women and the elderly, and blacks 7 Supplements for vitamin D 3 (produced via sun exposure) and vitamin D 2 (via diet) received FDA approval in , respectively (FDA 2011 . See footnote 3 for more on toxicity concerns. 8 As discussed in Jablonski (2004) , Rajakumar and Thomas (2005) , and Borradale (2013) , differences in skin pigmentation arose out of an evolutionary need to balance the favorable and adverse effects of sun exposure. Skin pigmentation protects the body from harmful UV radiation but inhibits the production of vitamin D. Therefore, humans living in latitudes farther from the equator evolved fairer skin than those living closer. With increased mobility, however, these once useful traits have led to vitamin D insufficiency among dark-skinned individuals living far from the equator.
have an especially high prevalence (Ginde et al. 2010; Looker et al. 2011; and above surveys) . This situation has led to calls for increasing the recommended vitamin D dose for pregnant women from the current 400 IUs to as much as 4,000 IUs (Hollis et al. 2011) .
Empirical evidence for link #2 (vitamin D → birth outcomes) is much weaker. Vitamin D has a half-life of two to three weeks (Wolpowitz and Gilchrest 2006) , indicating a rapid decay if not replenished. Therefore, measuring sun exposure and other vitamin Dproducing behaviors during pregnancy is likely sufficient to capture a possible relationship. The vast majority of the existing research on vitamin D and pregnancy outcomes are medical studies that use small samples of pregnant women and vitamin D levels measured in the blood at one point during pregnancy (e.g., Bodnar et al. 2007; Gale et al. 2008) , although some also estimate vitamin D status on the basis of dietary intake (Mannion, Gray-Donald, and Koski 2006; Scholl and Chen 2009) . A strong relationship between maternal and fetal vitamin D blood levels has been established, and plausible biological mechanisms for vitamin D to affect specific pregnancy outcomes are outlined in several of the more technical reviews (e.g., Mulligan et al. 2010; Dror and Allen 2010; Grayson and Hewison 2011) .
These studies reveal that vitamin D status is associated with fertility, preeclampsia, gestational diabetes, bacterial vaginosis, preterm birth, gestational age, and mode of birth (c-section versus vaginal), as well as maternal and fetal bone health. The evidence of a relationship with birth weight or fetal size, however, is more mixed. For instance, after first establishing a strong correlation between potential UVB exposure and maternal vitamin D blood levels (link #1), Gale et al. (2008) find no statistically significant effect of maternal vitamin D on infant size (link #2). Conversely, Mannion et al. (2006) and Scholl and Chen (2009) find a significant relationship between vitamin D intake and infant birth weight. Most recently, Gernand et al. (2013) use the same data source as Aizer, Stroud, and Buka (2012) and find significant effects of maternal vitamin D blood levels on birth weight and Small for Gestational Age-but only in the first trimester.
Establishing a causal effect of vitamin D poses several challenges. First, uncertainty remains about the appropriate thresholds for classifying vitamin D status (Dror and Allen 2010) . Second, vitamin D measured by either maternal blood or dietary intake is likely endogenous and correlated with confounding factors such as ethnicity, weight gain, and other maternal behaviors.
9 RCT studies avoid these pitfalls, but to our knowledge, Wagner et al. (2013) , Hollis et al. (2011), and Yu et al. (2009) are the only ones conducted in developed countries in the past 20 years to study the effects of increased vitamin D supplementation in pregnancy. All three studies find that vitamin D blood levels are significantly increased with supplementation but find no statistically significant differences in birth weight and other birth outcomes. Limitations of these studies include small sample sizes (Wagner et al. (2013) has <300 observations; Hollis et al. (2011) has <400; and Yu et al. (2009) has 180) and only one location (South Carolina, a southerly state where vitamin D deficiency may be less prevalent than in more northern latitudes, in Wagner et al. (2013) and Hollis et al. (2011) , and London in Yu et al. (2009)) .
A few studies investigate link #3 directly, essentially using potential sun exposure as an instrument for vitamin D, as suggested by Sayers et al. (2009) . Here again, the evidence is mixed and limited. Using data from Northern Ireland, Murray et al. (2000) control for the mean daily number of "hours of bright sunshine" in each trimester in an effort to explain the seasonality of birth weight, but conclude it does not alter the seasonal pattern. Conversely, Tustin, Gross, and Hayne (2004) find that increased sunlight exposure by New Zealand mothers during the first trimester of gestation has a significantly positive effect on birth weight.
Sun exposure may have other direct effects on health, however. A small recent medical literature suggests that UV radiation may weaken the immune response to several infectious diseases (Norval 2011; Norval and Halliday 2011) and possibly reduce the efficacy of vaccination (Norval and Woods 2011) . Furthermore, evidence exists that sunlight exposure may adversely affect pregnant women by lowering their blood folate levels (Fukuwatari, Fujita, and Shibata 2009; Borradale 2013) . Folate is a key nutrient before and during pregnancy, as it reduces the incidence of neural tube defects in the infant (Daly et al. 1995) . Important for our study, low levels of folate have also been found to increase the risks of preterm birth, low birth weight, and fetal growth retardation (see Scholl and Johnson (2000) for a review).
To summarize the three-link diagram above, link #1 (sun → vitamin D) is firmly established but link #2 (vitamin D → birth outcomes) has proven more challenging, in part because of the endogeneity of observed vitamin D status. Studies of the reduced-form effect (link #3, sun → birth outcomes) have produced mixed results and are confounded by evidence that sunshine may have other direct effects on infant health as well. Their more limited data also preclude controlling for confounding effects such as seasonal selection into pregnancy and unobservable geographic factors. Our richer data and empirical methods address these shortcomings.
III. Data
Isolating the health effects of sunshine from other seasonal, geographic, and selection factors requires data on birth outcomes, maternal characteristics, and weather over a long period of time. Our data on maternal health characteristics and inputs as well as infant health outcomes are from the Natality Detail Files (NDF) for [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] . 10 The Centers for Disease Control and Prevention (CDC) publicly provide data for counties of populations greater than 100,000 with 100 or more reported births per year. The NDF supplies infant indicators such as birth weight, gender, and gestation; maternal characteristics such as age, education, and marital status; and health inputs/behaviors including smoking, prenatal care, and parity. Although a survey such as the National Health and Nutrition Examination Survey (NHANES) has the advantage that it measures supplementation and outdoor activity, the strengths of the NDF are its large number of births/locations and the geographic identifiers for state, county, and metropolitan area that can be merged with insolation data over a long period of time.
11 Existing studies on vitamin D and infant and maternal health are typically restricted to a few cities or regions, have sample sizes of less than 200 (Narchi et al. 2010; Binkley et al. 2007) , and/or fail to address the seasonal and/or regional variations that contribute to variations in vitamin D levels (Ginde, Liu, and Carmago 2009) .
Our baseline sample is restricted to full-term live singleton births, 12 stratified into births of non-Hispanic black or white mothers. A random sample of white births is taken to eliminate large differences in sample sizes between the races. We also limit the sample to observations with birth weight between 800 and 5,000 grams (or 1 pound 12 ounces and 11 pounds, respectively) and mothers aged 19 to 44, and we eliminate Hawaii and Alaska. These restrictions, plus addressing coding concerns in the Natality Detail Files with respect to maternal education, 13 yield sample sizes of 4,078,468 black infants and 5,816,572 white infants. Our main dependent variable is a continuous measure of birth weight, although we estimate the baseline models using low birth weight indicators (<2,500 grams or <1,500 grams) as well. As discussed shortly, in supplementary analyses we both expand the outcomes considered and use samples that include preterm births.
Limiting the sample to full-term births in our main analyses offers several advantages. Foremost, it allows us to define weather in a uniform way for all observations, 14 a key advantage given unique features of sunshine. Unlike other commonly studied factors (air pollution, extreme weather events, smoking, feeding programs), the expected effect of sunshine is a priori unknown and may differ during the pregnancy or across women, which makes the measurement error bias caused by, for example, using a 40-week weather 11 While the NHANES began in the 1960s as a series of surveys, it was not a continuous survey program until 1999. It samples 5,000 persons a year "in counties across the US, 15 of which are visited each year" (http://www.cdc.gov/nchs/nhanes/about nhanes.htm). Moreover, NHANES III (spanning 1989-94) surveyed northern locations in the summer and southern locations in the winter, limiting geographic/seasonal variation in the possible sun exposure experienced by respondents (Nesby-O'Dell et al. 2002) . 12 Full-term refers to those infants whose gestation is recorded as 37 to 42 weeks. In a robustness check discussed in detail below, we broaden our sample to include preterm births (with no restriction on weight). Unfortunately, the NDF includes no data on miscarriages or other early terminations. 13 Baughman and Dickert-Conlin (2003) cited missing values in the education records as being an issue. In our data set, 322,706 observations were dropped from the black sample and 317,807 from the white sample across 17 unique state/year combinations flagged in the NDF documentation. 14 For all full-term observations we measure weather using the 40 weeks prior to birth. Only the month of birth is available in the public NDF data. We therefore assign all births the arbitrary birthdate of the 15th of the month. Given the likely imprecision of the gestation measures and the possibility that sun exposure could have effects in the pre-conception period, this approach seems reasonable. measure for births of all gestations very difficult to discern. 15 Infant health research that studies the effects of "extreme events" (Currie and Rossin-Slater (2013) , hurricanes; Persson and Rossin-Slater (2014), death in the family) must contend with the mechanical bias that pregnancies of longer gestations are more likely to experience such extreme (and presumably detrimental) events. Such a bias seems far less likely in the case of moderate variations in weather. Our approach also reduces the need to adjust for gestation, which is likely measured with error (e.g., Howards et al. 2006 ). Finally and importantly, past work on racial disparities in infant health shows that a significant racial gap in birth weight persists when the sample is limited to full-term births, and careful studies investigate that portion of the overall gap. 16 Our empirical approach and results therefore remain compatible with and relevant for existing evidence of racial disparities.
Nonetheless, focusing on full-term births has limitations. Such results must be interpreted as the effects of sunshine conditional upon reaching full term. Gestation may also be affected by weather (Beltran, Wu, and Laurent 2014) , and we explore this possibility and its implications for the full-term results in supplementary analyses that use a broader gestation sample and estimate the effects of sunshine on average gestational age, the probability of a preterm delivery or the birth of an infant who is small for gestational age, as well as birth weight. However, we also note that observed outcomes from any births sample are conditional upon conception and survival, which in turn may be affected by weather. 17 We therefore leave a detailed investigation for future research.
The sample sizes for the individual-level data are enormous, which given the large set of models we estimate becomes computationally difficult. In addition, our key variable, insolation, varies only by county. We therefore follow the common approach (e.g., Simeonova 2011; Buckles and Hungerman 2013) of aggregating the data into county-monthyear cells and weighting all analyses by the number of births in each cell. Preliminary analyses revealed very similar results between the aggregated data and individual-level 15 The measurement error is systematic in that the most influential births-those preterm births with the worst outcomes-suffer from the most measurement error. The alternative approach of defining weather according to gestation (e.g., a 28-week average for a 28-week gestation) is also problematic because the effects likely differ by trimester. In addition, this alternative approach precludes including measures of weather by trimester, month, etc. Finally, the direction of bias is further compounded by the fact that weather is correlated over time, even after controlling for regular time and seasonal patterns as our model does. 16 Lhila and Long (2012) provide a thorough discussion and literature review in their empirical study of the racial gap in birth weight. Their models and Oaxaca decomposition control for a long list of covariates including infant gender, birth order, maternal behaviors and medical risk factors, mother's and father's age, mother's education, marital status, income, place of delivery, attendant at birth, prenatal care, and an extensive set of residence characteristics such as population, unemployment rate, and measures of health care (e.g., ob-gyns per capita, female mortality rate). 17 Evidence from both human and animal studies suggests that sunshine and weather may affect fertility (Dror and Allen 2010; Lewis et al. 2010) as well. Data and therefore evidence on the factors affecting miscarriages are mostly nonexistent. And, although the NDF includes births with gestations as short as 17 weeks, the survival rates of such births are extremely low (e.g., the probability of survival at 23 weeks of gestation is only 17 percent; http://www.preemiesurvival.org/info/, accessed January 20, 2015), thereby inducing serious survival bias.
data. We create several more refined aggregates as well, further stratifying the samples by maternal age, prenatal care, smoking behavior, and the like, which allows us to check whether the effects vary. Online Appendix Table A1 (see http://www.mitpressjournals.org /doi/suppl/10.1162/AJHE a 00032) lists the variables and descriptive statistics for our main samples.
B. I N S O L A T I O N A N D T E M P E R A T U R E D A T A
We identify the latitude and longitude for each county available in the NDF, which are then matched with daily weather measurements from NASA's Atmospheric Science Data Center over the period July 1, 1983 , through June 30, 2006 (NASA 2010 ). NASA's weather data are reported for 1
• latitude × 1 • longitude blocks 18 and therefore make a "gridded data set" of the kind discussed in Auffhammer et al. (2013) , although it is based on satellite data rather than ground-level weather stations. 19 We merge NASA data with NDF data by computed conception date (based on a fixed gestation of 280 days) and county Federal Information Processing Standards (FIPS) code. Figure A1 in the Online Appendix shows the relationship between county borders and the 1
• × 1 • latitude/longitude grids, and the counties available in the NDF are denoted in red. The NDF's requirement that the county population be 100,000 or greater with at least 100 births is clearly evident; many rural areas and two entire states, Idaho and Wyoming, are omitted. An important caveat to our analyses, therefore, is that they do not represent rural areas. Our key weather variables are solar insolation, which is our measure of potential sun exposure (as in Carson 2008 Carson , 2009 Carson , 2010 , and maximum temperature.
20 Insolation represents the amount of solar energy (as measured in kilowatt-hours/meters squared/day) 18 One degree latitude translates to approximately 69 miles; one degree longitude is also 69 miles at the equator and shrinks gradually as one moves towards either pole. Carson (2008 Carson ( , 2009 Carson ( , 2010 uses the same data. Counties are matched according to their geographic center; limiting the analyses to counties entirely contained within one 1
• × 1 • block does not qualitatively affect our results. These data were obtained from the NASA Langley Research Center Atmospheric Science Data Center Surface meteorological and Solar Energy (SSE) web portal supported by the NASA LaRC POWER Project. The daily meteorological and solar energy data can be accessed at: https://eosweb.larc.nasa.gov/sse/. 19 Auffhammer et al. (2013) focus on ground-level weather station data sets with 0.5 × 0.5 degree and 2.5 × 2.5 mile grids and measures of temperature and precipitation. The authors discuss more general issues and possible pitfalls of weather research as well. They note the difference between "weather" and "climate," defining climate as "a long average of weather at a given location" (181). With our use of weather panel data and emphasis on estimating the effects of changes over time, in part to control for unobserved seasonal and geographic factors, our study is estimating the effects of weather and hence our avoidance of the word "climate." 20 Minimum temperatures likely occur during the night and therefore have less of an impact. No daily data are available from NASA for wind or precipitation, so we are unable to control for them in our models. Moreover, while including more weather measures has the benefit of more fully capturing weather, the high collinearity between measures and the fact that controlling for locational, seasonal, and temporal factors greatly reduces their independent variation (see footnote 27) requires parsimony to identify an effect. Note that we are already more expansive than most by including two different dimensions of weather and an enormous set of location/season/time controls.
that reaches the surface of Earth. Since the energy measurement captures more than just the energy derived from UVB, it provides an upper bound of potential exposure. To assess the relationship between insolation and the duration of vitamin D-synthesizing sun exposure, we employ Engelsen's "VitD-ez Duration of Vitamin D Synthesis in Human Skin" calculator (Engelsen 2005) to determine the length of exposure under ideal and worst weather conditions for different dates and geographic locations. Our site-by-site comparison of the Engelsen measure with observed insolation values shows reasonably close correspondence.
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To provide context for our insolation variable, in our Online Appendix we report the range of observed values for three geographically diverse cities on the shortest and longest days of the year and the spring equinox (Online Appendix Table A2 ). The influences of season and geography are plainly evident, as it is sunnier in June than in December and in Miami and Los Angeles than in Boston. However, it also shows how much insolation varies over time, even for the same date and location, as weather conditions vary. For example, on the winter (summer) solstice, the insolation in Boston ranged from 0.34 to 2.45 (1.2 to 8.38) during our sample; Los Angeles and Miami display similar variation. This variation is critical to isolating the independent effect of weather in our econometric models.
To measure the effects of sun exposure during pregnancy, we calculate several averages of the daily weather variables, including for the full pregnancy (40 weeks), each trimester, and each month. We also calculate separate averages for weekdays versus weekends within each level of aggregation, since patterns of behavior seem likely to differ between weekdays (typical workdays and school days) and weekends (Parisi et al. 2000) . The level of aggregation presents an empirical trade-off, as finer levels yield more variation in weather over time but require more coefficients to be estimated (e.g., nine coefficients for monthly aggregate values versus one coefficient for the entire 40 weeks of pregnancy). Variation in weather over time is a critical concern because we must control for unobservable geographic and seasonal effects, which we accomplish by including a variety of fixed effects. Table 1 reports the deciles for the daily, monthly, and full pregnancy (40-week) aggregates of insolation. Importantly, the distribution of insolation is the same for the black and white samples (so we report only one set of statistics). As expected, the daily measure shows far more variation, ranging from 0.9 to 7.9, whereas the monthly and full pregnancy measures range from 1.6 to 6.8 and 3.1 to 5.5, respectively. We calculate the same averages for maximum temperature and include them in the models in a parallel fashion to insolation.
At the bottom of Table 1 , we summarize the differences in white and black mean birth weights for each insolation decile. This exercise reveals that the racial gap continues to shrink as one moves from the lowest deciles to the highest deciles; we further confirm that most of the differences across deciles are statistically significant. These comparisons are only descriptive, however, as they fail to control for geographic, seasonal, or demographic differences, all of which are addressed in our econometric model. 21 The results of this exercise are available upon request.
T A B L E 1 . Distribution of sample insolation measures (in deciles)
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IV. Empirical Strategy and Model Specification Issues
Our empirical analyses employ a reduced-form infant health production equation that estimates the effects of the observed insolation and temperature variables on infant health as measured primarily by birth weight, controlling for maternal characteristics and seasonal, temporal, geographic, and selection factors. 22 Unlike actual sun exposure (or vitamin D blood levels, food diaries, etc.), observed insolation is likely exogenous to the mother (Sayers et al. 2009 ); this seems especially likely during our sample period when the potential benefits of vitamin D were not heavily emphasized. 23 We control for the possibility that the mother may choose where to live or when to become pregnant on the basis of typical weather with season-and location-specific fixed effects and variables, discussed shortly, thus underscoring the importance of variation in location-month weather over time.
22 Earlier versions of this paper contain a formal conceptual model of infant health production and utility maximization in the vein of Rosenzweig and Schultz (1982) that formally clarifies the many possible effects of sunshine. This discussion and model are available upon request. 23 As noted in footnote 3, ACOG did not emphasize vitamin D's benefits in its recommendations. To the contrary, every volume mentions its possible toxicity at high doses and states that most nutrients are adequately obtained via diet so that supplementation is not necessary. The only exception is the 1992 report, which noted special circumstances in which supplementation may be desirable, including the following: "Vitamin D status is a special concern for women at northern latitudes in winter and for others with minimal exposure to sunlight and thus reduced synthesis of vitamin D in the skin" (1992, 181) . This point is not mentioned in any other year.
Coming out of a reduced-form model, the estimated effects of sunshine contain the total, net effect of all its possible influences, including the possible effects weather may have on maternal behaviors and its relationship with other environmental factors such as air pollution. And as noted above, to the extent that insolation affects the ability to conceive or the length of gestation, it could affect the composition of full-term births as well, a different type of selection. While we leave a thorough analysis of these possible mechanisms for future research, we explore them in our empirical analyses to the extent permitted by our data and find little evidence that they are driving the results. Still, our results must be interpreted with these broader effects in mind. Finally, because we are estimating the effects of available sunshine, not actual sun exposure, our estimates are akin to an "intent to treat" (ITT) effect. These nuances in interpretation are not unique to this study and are instead common to most models of environmental effects, such as those investigating air pollution, temperature, or extreme weather events.
A. E C O N O M E T R I C S P E C I F I C A T I O N
Our main birth weight equation takes the following general form:
where the individual NDF data have been aggregated into county-month-year cells and subscript c indexes county, m month, and t year of birth. Every model is estimated separately for non-Hispanic whites and non-Hispanic blacks. H denotes birth weight, W includes our weather measures of insolation and maximum temperature, and Z contains the county-month-year aggregates of maternal and infant characteristics. These factors include infant's gender, whether first born to mother, and mother's age, education, and marital status. The last three terms capture factors associated with geographic location, season, and the passage of time. While the typical birth weight model controls for these factors via year, state/county and, sometimes, month fixed effects, such a specification ignores the possibility that both seasonal and time trends may vary by location. For example, seasonal considerations may differ depending on location-winter in New England is different from winter in the South. Likewise, time trends may differ by location, such as the geographic variation displayed by the Medicaid expansions, which occurred during our sample period; by the level of unemployment; or by the adoption of new medical practices, such as the changed ACOG recommendations. 24 Controlling for these factors is of critical importance in our model, so we look to the two studies most similar to ours (Buckles and Hungerman 2013; Deschenes, Greenstone, and Guryan 2009) for guidance. We also 24 See footnote 3. Extending this logic, we acknowledge that a third possible interaction exists-seasonal patterns could vary over time because of adaptation, for example, which is emphasized in research on climate change (e.g., Deschenes 2014). However, given the relatively short period of time that our sample covers (15 years), fluctuating seasonal patterns seem the least likely to have an effect and, to our knowledge, no previous birth outcomes study has considered them. explore other model specifications as robustness checks and subject each to a battery of falsification tests.
To capture location-specific seasonal selection, we follow Buckles and Hungerman (2013) , whose primary focus is the seasonal selection into pregnancy and its implications for the validity of season of birth as an instrument. Buckles and Hungerman include temperature measures expected at birth in the mother's county of residence, in addition to county fixed effects and a cubic time trend in months to control for location and time. We therefore include the average maximum temperature and insolation over the sample period for that county-month of birth, denoted as X cm in equation 1. To capture locationspecific time trends, we follow Deschenes, Greenstone, and Guryan (2009) , who have a focus very close to ours-to estimate the effects of temperature on birth weight. Their models include county-year fixed effects, thus controlling for location and time as well as locationspecific time effects; they also include a quartic in the day of conception (equals 1 to 365) to control for seasonal influences. Following their approach, we include county-year fixed effects (γ ct ), as well as month fixed effects (α m ) to capture seasonal influences. 25 Note that these county-year fixed effects subsume both county fixed effects and year fixed effects.
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The model written in equation 1 therefore captures location, seasonal, and time factors, as well as location-specific seasonal selection and location-specific time effects. This model is a hybrid of Buckles and Hungerman (2013) and Deschenes, Greenstone, and Guryan (2009) and, unlike those studies, it accounts for both types of location-specific factors. However, because of the lack of an agreed-upon specification in existing research and the fundamental trade-off faced in choosing a specification-that the variation in weather necessarily shrinks as one more thoroughly controls for location, season, and time influences-we estimate several alternative models as robustness checks. 27 We then subject each model to two falsification tests by including weather variables that should have no effect on birth outcomes. In the first test, we include the weather variables for that county-month one year in the future; in the second test, we include weather variables for that month/year from a randomly drawn county. 28 We perform these tests both with and without the correct weather measures included in the model, and we conduct both 25 Unlike Deschenes, Greenstone, and Guryan (2009), we do not have the specific date of birth (or conception), which leads us to use month dummy variables instead. 26 One could account for location-specific seasonal effects in a similar way by including county-month fixed effects. However, such a specification adds more than 5,000 fixed effects to a model that already has a very large number (more than 6,700) fixed effects and further reduces the variation in weather. Moreover, as discussed shortly, the expected weather variables perform similarly to county-month fixed effects in our falsification tests. 27 The variation in weather is strongly impacted when even the most basic controls are added. For instance, the unexplained variation in full pregnancy insolation (measured as one −R 2 from an ancillary regression with insolation as the dependent variable) shrinks from 49.0 percent of the total when state and year fixed effects are included to 5.6 percent when county, month, and year fixed effects are included; our primary specification retains 2.8 percent. The temperature measures retain even less unique variation (31.7 percent, 3.7 percent, and 1.6 percent, respectively), which highlights that the challenge of isolating the effects of weather extend to temperature as well-a point also made by Auffhammer et al. (2013) . 28 We use a random number generator with replacement to assign each random county.
individual and joint (insolation and temperature) tests. 29 As reported in Online Appendix Tables A3 and A4, these exercises suggest that our specification is appropriate.
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B. M O D E L I N G W E A T H E R ' S E F F E C T S
Another critical specification issue is how to model the effects of weather, or the definition of W in equation 1. An obvious, simple choice is to enter insolation and temperature linearly. However, it is possible that the effects of sunshine and temperature interact with one another and/or are nonlinear. For example, moderate temperatures or sun exposure may be the most beneficial for health. Or, there may be a different "dose" effect of sunshine on a mild versus cold day, as suggested by Zivin and Neidell (2010) , who find that temperature has an inverted U-shaped effect on time spent in outdoor leisure activities. While no one to our knowledge has studied an interaction between sunshine and temperature on health, nonlinear effects for each one, separately, have been found. Past research on temperature emphasizes extremes and finds them detrimental (Deschenes, Greenstone, and Guryan 2009; see Beltran, Wu, and Laurent 2014 for a review). Sunshine has been much less studied, but Carson (2009) provides evidence of a quadratic effect on height. Such an effect is supported by the clinical evidence discussed in Section IIB as well, as sunshine exhibits diminishing returns to the production of vitamin D and has possibly harmful effects via folate degradation. The notion that skin pigmentation evolved as a way to balance the beneficial and harmful effects of the sun (e.g., Jablonski 2004) suggests an "optimal" amount of sun exposure that differs by race.
We allow for more complicated relationships with two alternate models. First, we calculate averages for the full second-order polynomial of daily insolation and temperature and include them in the model. 31 Second, we expand on the bins approach of Deschenes, Greenstone, and Guryan (2009) who create indicator variables for different ranges of temperature (e.g., <25
• F, 25
• F-45
• F, etc.). We create a matrix of indicators, with three bands of insolation (dim, medium, bright) and four bands of temperature (cold, cool, warm, and hot) and calculate the number of days falling into each of the 3 × 4 = 12 categories. 32 29 A possible concern is that weather patterns could be long term or reach a wide geographic area such that our "false" weather variables could be correlated enough with the "correct" ones to produce a statistically significant effect. Testing the model both ways accounts for this possibility. 30 Specifically, simpler models sometimes yield qualitatively different results for the weather variables and typically fail more falsification tests, especially for blacks, while the less restrictive but much more computationally challenging model that includes the full set of county-year and county-month fixed effects (see footnote 26) performs similarly to equation 1. These findings hold for both simple linear models of weather as well as nonlinear ones, discussed next. 31 To clarify, we first compute the full polynomial of each day's weather data and then calculate the average over the pregnancy. This process is essential to retaining key variation-e. Meaningful inference requires making comparisons across cells-for example, whether moving from a cold, partly sunny day to a cold, sunny day has a positive effect. We therefore conduct a complete set of tests of such comparisons; these tests and results are reported in Online Appendix Table A5 and Figure A2 . Both alternative models yield similar conclusions. For white mothers, the simple linear model of weather finds strong support. None of the nonlinear terms in the polynomial model are ever statistically significant, and in the bins model, a monotonic relationship is confirmed. Conversely, both models suggest strong nonlinearities for black mothers, especially for sunshine. The nonlinearity of temperature's effect is less clear and there is little evidence of an interaction between sunshine and temperature. 33 We therefore emphasize results from a model that includes the quadratic of insolation and temperature for blacks and, for ease of exposition, the linear model for whites. However, we verify that the results are qualitatively unchanged if we instead use the quadratic model for whites as well. 34 We also verify that equation 1 is still the appropriate model when quadratic effects are included (reported in Online Appendix Tables A6 and A7).
V. Results
Our main results, shown in Figure 1 and Table 2, suggest that sunshine has different effects on the birth weight for blacks versus whites. For black mothers, sunshine has a positive, diminishing effect on birth weight that becomes negative when average insolation reaches 5.5, a very high level of sun exposure in our data (occurring at the 90th percentile; see Table 1 ). In contrast, sunshine has a negative effect on birth weight for white mothers. While our main model requires the effect to be linear for whites, the results from a quadratic model yield a strikingly similar conclusion, as shown in Online Appendix Figure A3 .
These results are entirely plausible given the clinical evidence presented in section IIB. White mothers are less likely to be deficient in vitamin D and their lesser skin pigmentation leaves them more vulnerable to the harmful effects of sunshine, so that a net negative marginal effect of sun exposure makes sense. Conversely, black mothers suffer much more widespread vitamin D deficiency and their greater skin pigmentation both requires more sun exposure to produce it and protects them from harmful effects. Even so, it makes sense that there are diminishing returns to sun exposure, both in terms of investigate an even finer breakdown of sunshine, dividing it into six equal ranges (0 to 1.5, 1.5-3, etc.) and yielding 24 categories (6 × 4), and find similar results. 33 In Deschenes (2014), Table 1 reports a similar insignificant finding in a study that allows for an interaction between humidity and temperature, the only one to our knowledge that allows for an interaction between weather measures. 34 Our quadratic results for whites are qualitatively the same as the linear results but much more tedious to interpret. The signs of the linear and squared terms frequently change across specifications but the calculated turning points all indicate a negative effect of insolation throughout-i.e., the turning point occurs outside the range of sample values-or both effects are negative. In addition, the majority of individual coefficients are not statistically significant, likely obscured by over-parameterizing its effects, while their joint significance typically mirrors the results of the linear model.
F I G U R E 1 . The estimated effects of insolation on birth weight from the full pregnancy models, by race
Notes: The plots are based on estimates reported in the first row of Table 2 , which requires a linear effect for whites. For results allowing a quadratic effect, see Online Appendix Figure A3 . For each sample, the full pregnancy insolation measure ranges from 2.54 to 6.62. The dotted lines reflect the 95% confidence interval for the estimated effects.
producing vitamin D and in terms of the net benefits to health of increased vitamin D versus reduced folate. In terms of evolutionary hypotheses (e.g., Jablonski 2004; Borradale 2013), these results are consistent with white mothers living in locations at or above their health-optimizing level of sun exposure and black mothers living below it. It further suggests that sun exposure could play a role in explaining the racial gap observed in US birth outcomes-an issue we revisit in detail below.
Next, we explore whether the timing of weather matters, either during the pregnancy or on weekends versus weekdays. A key advantage of our analyses is that we observe the mothers' daily potential exposure to insolation throughout the pregnancy, whereas most past studies have observed vitamin D, folate, or sun exposure at only one point during the pregnancy. Given the well-established importance of the first trimester to infant health T A B L E 2 . Estimated birth weight effects for full pregnancy, by trimester and by month (Smith et al. 1998 ) and the fact that fetal weight gain is the largest in the third trimester (Olsen et al. 2010) , one might expect stronger effects in these trimesters. Existing evidence for sunshine and vitamin D is very limited and mixed (Beltran, Wu, and Laurent 2014) .
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The evidence for folate, which recall may be reduced by sun exposure, suggests a positive relationship between folate measured at delivery (or in the third trimester) and birth weight, but evidence for early trimesters is scarce (Scholl and Johnson 2000) . Differential effects of sunshine across the pregnancy therefore appear both plausible and empirically unresolved.
We reestimate our main model using weather aggregated by trimester and then by month (Table 2 ) and plot the estimated effects by trimester (Figure 2 and Online Appendix Figure A4 ). These exercises suggest that sunshine has a fairly similar effect on birth weight throughout the pregnancy. While some trimesters yield more statistically significant coefficients (i.e., first and third for blacks, first and second for whites), the estimated magnitudes are similar and are not statistically different from one another. They also are remarkably consistent with what we find for the full pregnancy. For black mothers, insolation has a positive but diminishing effect, becoming negative once average insolation exceeds 5. For white mothers, a one-unit change in insolation reduces birth weight by 6-7 grams, and these reductions are fairly evenly distributed across the trimester (1.5 to 2.8 each). Looking at the effects by month further supports these findings. While understandably yielding fewer statistically significant coefficients, the coefficients are jointly significant at the 1 percent level and the same patterns arise. The estimated effects are consistently negative for white mothers and of the greatest magnitude in the first five months. For black mothers, the same quadratic pattern appears throughout the pregnancy, with the largest magnitudes in the first and last months.
Allowing the effects of weather to differ on weekends versus weekdays yields results consistent with past research that suggests people spend more time outdoors on weekends than on weekdays (Parisi et al. 2000) . 36 While none of the weekend effects are statistically significant, the point estimates are consistent with greater exposure (Table 3) . Moreover, the pattern of effect is again remarkably consistent across trimesters. For whites that means an even more negative effect of sunshine (roughly double) on weekends. For blacks, the level of sunshine at which diminishing returns sets in is lower and the marginal effects at the extremes are greater-that is, the parabola is more sharply curved and reaches a maximum at a lower level of insolation-on weekends.
All of the above analyses investigate the effects of weather on continuous birth weight, whereas a low birth weight indicator is arguably more clinically meaningful. We therefore reestimate all of the models in Tables 2 and 3 using the percentage of births that are low birth weight (<2,500 grams) or very low birth weight (<1,500 grams). The 35 Moreover, this evidence comes from primarily descriptive analyses. Brannon and Picciano (2011) discuss how vitamin D production accelerates and takes place during the different trimesters of pregnancy, but no consensus about differential effects of supplementation appears to exist. 36 We include an additional variable, the average insolation on weekend days (only) during the pregnancy, * Wknd, which is essentially an interaction term. We do not report these results for the monthly model, as the large number of weather coefficients eliminates all statistically significant effects.
F I G U R E 2 . The estimated effects of insolation on birth weight from the trimester models, by race
Notes: The plots are based on the "by trimester" estimates reported in Table 2 , which requires a linear effect for whites. For results allowing a quadratic effect, see Online Appendix Figure A4 . For each sample the trimester measures range from 0.84 to 8.55. estimated effects of insolation are quite consistent with those using the continuous measure, although their statistical significance is sometimes diminished, especially in the full pregnancy model. We therefore conclude that insolation has similar effects on the incidence of low birth weight as on continuous birth weight.
A. T H E P O S S I B L E R O L E O F A I R P O L L U T I O N A N D M A T E R N A L B E H A V I O R S
Our next set of analyses explores whether our results could work through other mechanisms such as air pollution or maternal behaviors and characteristics. As noted above, air pollution's effect on birth outcomes has been widely studied, and evidence suggests that air pollution is correlated with weather. Daily air pollution data do not exist for all of the counties and time periods in our sample, so we tackle this issue with two complementary exercises (reported in Table 4 ). First, we create two subsamples-the "cleanest" versus "dirtiest" counties in our sample during our sample time period. Temp.
T A B L E 3 . Estimated birth weight effects by weekend/weekday
AQI
Main results (Table 2) 19. Notes: Panel A splits the sample by counties into "clean" and "dirty" counties based on the frequency of reports of poor air quality. Panel B repeats the results from Table 2 for the full sample for comparison against models using the 106 counties for which daily pollution and weather data are available. "AQI subset" reports the estimated effects for those 106 counties. The last two models include a continuous air quality index (AQI) value aggregated to the county-month-year level. Robust standard errors adjusted for clustering at the state level are reported in the parentheses. Each model includes indicators of maternal age, education, marital status, parity, and infant gender, as well as insolation and temperature expected at birth, and month and county-year fixed effects. the point estimates suggest stronger effects in "clean" counties than in "dirty" ones-or in the overall sample. Our second exercise controls for the time-varying aspect of air pollution. For the 106 (out of 458) counties for which daily air quality index (AQI) data are available for our entire sample period, we create air pollution measures in the same way as the weather measures and add them to the model. Although only about 25 percent of the main sample, this subset of counties yields results similar to our main model (Table 4 , first two rows of panel B). Moreover, adding the AQI measure has no appreciable impact on the estimated effects of insolation and temperature and, while negative as expected, is itself not statistically significant (third row of panel B). On the other hand, excluding insolation, temperature, and expected weather from the model yields a negative and statistically significant effect for whites (last row). These two exercises therefore suggest that the weather effects we find are not being driven by air pollution. It is also possible that the effects of insolation operate through maternal characteristics and behaviors, which we explore by stratifying the sample (Table 5) . 38 Maternal age may capture both baseline health and behaviors, and our results suggest that sunshine has more negative (or less positive) effects for younger mothers. This finding is consistent with the notion that younger mothers spend more time out in the sun (i.e., receive a higher dose), similar to the "weekend effect," and/or have higher baseline levels of vitamin D.
39 Stratifying by prenatal care status points to a similar pattern. Women with adequate prenatal care (who are likely informed on diet and vitamin supplementation; e.g., Kogan et al. 1994 ) experience more negative/less positive effects of insolation. 40 The possibility that nice weather could lead to harmful health behaviors (e.g., going outside to smoke) is not supported by the limited exercise we perform with our data-stratifying by smoking behavior. Instead, the positive effects of insolation for blacks are slightly smaller and the 0 to 500, with higher values indicating more air pollution. It has much greater availability during the sample time period than any other measure. For instance, the PM2.5 measure is rarely, if ever, available before 1999. Nonetheless, most counties are missing a substantial number of days-and often entire months-of data. For the "clean" versus "dirty" exercise, we first calculate the percentage of low-pollution "clean" days (AQI <50) and high-pollution "dirty" days (AQI >100; the range of 101-150 is considered unhealthy for sensitive groups) in each county. We then define clean counties as those in the top quintile of counties with the least pollution (highest percentage of "clean" days) and dirty counties as those with the highest pollution (highest percentage of "dirty" days). 38 Prenatal care, smoking, and even age and air pollution may all be endogenous, and therefore stratifying the sample on this basis could cause bias. We therefore view these results as a merely illustrative exploration into whether other avenues for effect may be at work. 39 Existing research is of limited guidance because results are not typically reported by these age groups. Godar et al. (2001) report time spent outside for women 22-40 and 41-59 and find no consistent pattern between the two age groups; our three groups fall primarily within their younger category. Looker et al. (2011) report the distribution of vitamin D levels for women aged 19-30 and 31-50, a little closer to our age groups. They find higher levels of vitamin D for the younger group at every vitamin D decile except for the lowest one. 40 The general similarity between those with and without adequate prenatal care is also suggestive that the changed ACOG guidelines during the time period are not unduly affecting our results.
Role of Sunshine in the Production of Infant Health // tru d e au et a l . negative effects for whites are slightly stronger for nonsmoking mothers; still, the general findings are similar to the overall sample.
T A B L E 5 . Stratifying by maternal characteristics and behaviors
B. E X P L O R I N G C O M P O S I T I O N A L E F F E C T S A N D A D D I T I O N A L B I R T H O U T C O M E S
So far, we have limited our investigation to the birth weight of full-term infants so that we can focus on fetal growth (as opposed to gestation) and precisely model the effects of weather during pregnancy. However, this approach obscures other possible mechanisms for sunshine that may have an effect. While an in-depth analysis of multiple pregnancy outcomes is beyond the scope of this paper, 41 in this section we explore the extent to which alternative mechanisms may exist and are affecting our results.
T A B L E 6 . Estimated weather effects for alternative models of birth weight, full-term births (main sample) Past research suggests that insolation could affect gestation length and even the ability to conceive (e.g., see Dror and Allen 2010 for a review). Because our main sample is limited to full-term births, our reduced-form estimates may be capturing those compositional effects as well. For example, if insolation improves the likelihood of conceiving and/or surviving to an observable gestation, it could change the "quality" of the marginal pregnancy-and therefore its gestation and the overall composition of full-term births. We investigate this possibility in several ways. First, we reestimate our model excluding all maternal and infant characteristics. These estimates can be interpreted as the broadest possible reduced-form effects by also capturing the impact that insolation may have on the characteristics of mothers giving birth to full-term infants. It is therefore reassuring to find that they are very similar to those of our main model (first two rows of Table 6 ).
42 Second, the pregnancy. This insight suggests developing a new, survival analysis-type framework in which the intervention or exposure is continually updated as the pregnancy is conceived and then survives each week, month, or trimester. We are unaware of any past study that has attempted it. 42 By the same reasoning, one might argue that these characteristics should be dropped from all of the analyses. However, such an approach deviates markedly from past research; for instance, Currie, Neidell, and Schmeider (2009 ), Deschenes, Greenstone, and Guryan (2009 ), and Currie and Rossin-Slater (2013 all include infant and maternal characteristics. Alternatively, one could see if these characteristics are themselves affected by insolation. In analyses available upon request, we find some evidence of positive selection for blacks, but none for whites. Nonetheless, all of our birth weight analyses are robust to their exclusion, which suggests that any selection is not having a substantial effect on our results. Moreover, to the extent we include the average insolation and maximum temperature in the two months prior to the conception month to capture any possible effects of weather on conception and thus selection into our sample. The results are once again qualitatively the same (bottom row of Table 6 ), and the pre-conception weather coefficients are nowhere close to statistical significance. Finally, we explore more birth outcomes by expanding our sample to include preterm births (≥28 weeks) 43 and by considering gestation and fetal growth separately, as well as a proxy for survival, percentage male (Drevenstedt et al. 2008) . However, expanding the sample in this way means that the timing and extent of insolation actually experienced depends on gestation. And, given that we find evidence that insolation continues to be important in even the last trimester of pregnancy, including only first trimester weather measures, for example, could cause omitted variable bias. To address this problem and also remain comparable with our main analyses and our intent-to-treat framework, we include the weather measures for all three trimesters. We expect the estimated effects of insolation to be attenuated to the extent that infants of lesser gestations are not exposed fully to the third trimester; note that these infants also typically experience the worst outcomes so the measurement error is systematic with the dependent variable. Because we find variations in weather to be correlated across trimesters (even after controlling for location, season, and time), this bias may spread to the other trimesters. Indeed, this is one of the key reasons why we choose to consider full-term births in our main analyses.
For black infants' mean birth weight, first-trimester insolation continues to have the strongest effect and may be even more beneficial in this expanded sample (top left-hand corner of Table 7 as compared with Table 2 ). Insolation in the second trimester shows little significant effect as before, while the estimated effects of third-trimester insolation are diminished, as expected, by including earlier gestations. 44 For white mothers, it is now only second-trimester insolation that significantly (and negatively) affects mean birth weight. While we would expect a diminished effect in the third trimester because of the systematic measurement error, the diminished effect in the first trimester turns out to be revealing of insolation's impacts on gestation-a mechanism that explains the stronger first-trimester effects for blacks as well.
Birth weight is a product of both gestational age and fetal growth. By conditioning on full-term births in our main analyses, we are focusing on fetal growth. 45 In our expanded that positive selection does exist, including these characteristics leads to more conservative estimates of insolation's effect. 43 Unlike in our full-term birth sample, in these analyses we place no restrictions on the range of birth weights. While the NDF reports births with gestations as low as 17 weeks, including these births is problematic for several reasons: earlier gestations are less likely to be viable (such that our selection on live births could be more problematic), are fairly rare yet could be influential given their extreme values, and may not have experienced even the full second trimester of weather. 44 These findings are confirmed by and are even stronger in linear models. Insolation is positive in all three trimesters and is strongly statistically significant in the first and marginally so in the third trimesters. 45 Models estimated with our full-term sample using mean gestational age as the outcome support this interpretation. The insolation coefficients are never individually or jointly statistically significant, suggesting that insolation has no effect on late pregnancy gestation.
T A B L E 7 .
Estimated weather effects for alternative measures of infant health, by trimester Insol.
Temp. sample, however, birth weight captures many more of the effects of gestation, as the most extreme low birth weights are nearly always preterm births. When including births with a wide range of gestations, we therefore decompose the two effects by separately investigating gestational outcomes (the percentage of preterm births and the mean gestational age), and fetal growth conditioned on gestation (measured by the small for gestational age, SGA, indicator). 46 Our results suggest that first-trimester insolation increases gestational age for both blacks and whites. These beneficial impacts on gestation therefore explain why the effects of first-trimester insolation on birth weight become more positive when broader gestations are included. Second-trimester insolation appears to behave in the opposite way, albeit with less significant effects; if anything, it shortens gestation for both races and thus may similarly help explain why the effects become more negative. Thirdtrimester insolation acts similarly to the first, although as expected its estimated effects are attenuated.
Mean birth weight
Our analyses in Table 7 therefore suggest that insolation affects gestation of blacks and whites in a similar way, but that the effects vary in sign by trimester. These results help explain the differences we see for mean birth weight between the full-term sample and the one that includes preterm births. In addition and importantly for our main research question, these analyses suggest that the ability of insolation to explain the racial gap in fetal growth (conditional upon gestation) remains. In particular, insolation consistently increases the SGA more (or decreases it less) for whites than for blacks. Moreover, our mean birth weight estimates imply that uniform increases in sunshine exposure would have a comparable impact on closing the observed racial birth weight gap in both samples. 47 We discuss the magnitude of this impact in the next section. Still, the possibly beneficial effects of sunshine exposure on gestation for whites suggest caution in using our findings to conclude that insolation is purely harmful for white mothers.
Our last set of exercises explores whether survival (as measured by percentage male) is affected by insolation and, more generally, whether conception and survival selection mechanisms could be at play. Little evidence exists that percentage male is affected by insolation for either race (bottom of Table 7) . 48 However, unlike in our main analyses using full-term births, we find the pre-conception weather variables have statistically significant, beneficial effects on mean birth weight and gestational age (but not SGA). 49 These findings further suggest that insolation affects gestation differentially from fetal growth and imply that future work, perhaps taking into account weather prior to conception, is warranted. 46 We construct a binary measure of SGA using the gestation-specific birth weight percentiles calculated in Oken et al. (2003) , who evaluate births from the 1999-2000 Vital Statistics. For each birth, SGA is coded as 1 if the infant's birth weight falls below the 10th percentile for the relevant gestation length, or 0 otherwise. While this practice is standard, the resulting measure is noisy both because of measurement error in gestation and because of the arbitrary cutoff at the 10th percentile. 47 Calculations are available on request. 48 Similar to our findings for mean gestational age, the effects on percentage male are even weaker in our full-term sample. 49 Including pre-conception weather does not substantively affect the results, however. Likewise, the results are robust to excluding maternal characteristics. These exercises are available on request.
C. P U T T I N G T H E M A G N I T U D E S I N C O N T E X T A N D T H E I R I M P L I C A T I O N S F O R R A C I A L D I S P A R I T I E S
Taken together, these analyses suggest that insolation affects the birth weight-and specifically the fetal growth-of infants differently by race and in such a way that it may explain a nontrivial portion of the observed racial gap in birth weights. Our results consistently point to a positive but diminishing effect of insolation on birth weight for black mothers and a steady, negative effect for white mothers. These findings are consistent with the presumed positive but diminishing effects of sunshine via vitamin D-the production of which is inhibited by skin pigmentation and is more likely found to be deficient for black mothers-balanced against possible negative effects of sunshine via folic acid depletion and immune system impairment. Recall that our measure of insolation captures potential sun exposure during pregnancy. Its effect on birth weight therefore varies by how it translates into actual exposure as well as by the baseline vitamin D status of the mother. Here again, the pattern of the estimated effects tells a consistent story, suggesting stronger effects when the actual exposure is likely greatest (weekends) and a more negative effect when vitamin D may be more likely sufficient (younger mothers). The fact that we are capturing potential exposure also suggests that our estimated effects are a lower bound on the effects of actual exposure.
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The estimated magnitudes of insolation's effect on birth weight are fairly small and comparable with those found for other determinants of birth weight. In our baseline full-term specification, a one-unit increase (approximately 1.5 standard deviations) in full-pregnancy insolation is estimated to decrease birth weight by 6.5 grams for white mothers. The quadratic model estimated for blacks complicates the interpretation of magnitudes (recall Figure 1) . For a black mother experiencing the mean insolation (4.16), which is nearing the point where insolation's effect is no longer positive, a one-unit increase in insolation increases birth weight by only 3.2 grams. However, a decrease of one unit decreases birth weight by more than double that amount, 6.7 grams. Another comparison uses the deciles of insolation and birth weights reported in Table 1 . Here, our baseline full-term model suggests that increasing insolation from the lowest to the highest decile (3.1 to 5.5) increases birth weight for black mothers by 10.7 grams. For white mothers, the decrease is 15.7 grams, an effect that is roughly the same size as the estimated beneficial effect of actually participating in the food stamp program (Almond, Hoynes, and 50 For instance, Siikamäki (2009) finds that individuals (men and women) aged 18-35 spent about 3.2 hours per week on outdoor recreation in 1993; in addition, women spent about 58 percent as much time as men. Combining these two numbers suggests that women aged 18-35 spent about 2.3 hours per week on outside recreation. This translates to less than 3 percent of the average daylight hours-potential sun exposure-in a typical week (12 hours × 7). However, the difference between potential and actual exposure could differ systematically by race or even insolation and so deriving the effect of actual exposure is likely more complicated. In addition, recall that solar insolation captures more than just UVB, the catalyst for producing vitamin D. Finally, because of the large number of geographic and seasonal variables we include, our estimates are only picking up the effects of weather, not the more persistent and perhaps more substantial effects of climate (long-term weather).
Schanzenbach 2011) and only slightly less than that of the WIC program (Hoynes, Page, and Stevens 2011) . 51 The magnitudes of our estimated effects are in the same range as those found for season, temperature, extreme weather events, and air pollution. Buckles and Hungerman 2013 (Table 1 , 714) report seasonal effects on birth weight that range from −0.87 grams (December birth) to 23.34 grams (April birth) relative to a January birth. Deschenes, Greenstone, and Guryan (2009, 214 ) find a decrease in birth weight of 0.003 to 0.009 percent (0.1 to 0.3 grams) per hot day (over 85
• F). Simeonova (2011) finds small effects of natural disasters, less than 5 grams, and makes the point that her measure-like ours-is only capturing potential exposure and thus the effects of actual exposure could be much higher. In their study of air pollution, Currie, Niedell, and Schmeider (2009, 696) acknowledge the generally modest birth weight effects typically found, comparing their own results (e.g., a one-unit increase in CO-which is more than one standard deviation-in the third trimester reduces mean birth weight by 16.65 grams) to similarly modest effects for maternal smoking, which is widely acknowledged to have important effects on infant health. Moreover, because we find strong racial differences in the effects of insolation, it is possible that they can help explain the racial gap in birth outcomes. In our full-term sample, the gap in mean birth weight between white and black mothers is 214 grams. As just reported, our estimates suggest that moving from the 1st to the 10th decile in insolation closes the gap by about 26 grams (15.7-gram decrease for whites + 10.7-gram increase for blacks), so around 12 percent from the baseline. 52 This finding also echoes the pattern in our descriptive analyses when we compare mean birth weights by insolation decile and find a 43-gram difference between the highest and lowest deciles (Table 1) . For comparison, the racial gap in mean birth weight shrinks by 40 grams when we limit the sample to college-educated mothers. Our analyses therefore suggest that sun exposure and its effects on birth weight may explain a nontrivial portion of the racial gap in birth outcomes.
VI. Concluding Remarks
Sun exposure has possible direct effects on birth outcomes-and health status more generally-that are biologically plausible and may differ by race; as such, it has the potential to help explain persistent racial disparities. Moreover, sun exposure is associated with many other factors that have received a great deal of attention in the health economics literature-extreme temperatures and weather events, air pollution, and season of birth. Understanding its direct effects on birth outcomes therefore has strong implications for past research as well as for ways to improve birth outcomes (e.g., through increased vitamin D or folic acid supplementation).
Empirical identification of these direct effects, however, is challenged by the strong influences that geography, season, and the passage of time have on birth outcomes and the likelihood that sunshine may have indirect effects via maternal behaviors and environmental factors such as air pollution. We tackle these challenges by estimating a carefully specified empirical model using detailed data on both birth outcomes and daily weather that span many geographic areas across the United States and a long period of time (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) . We subject our model to a battery of falsification tests and robustness checks, and also estimate a range of alternative models that allow sunshine and temperature to have more complicated effects on birth weight.
These analyses consistently suggest that sun exposure is beneficial for the fetal growth of blacks and may be harmful for whites. This finding is wholly consistent with the established tendency of black mothers to suffer from greater vitamin D deficiency and the role that skin pigmentation has in the effects of sun exposure. Our estimated effects of sunshine on the birth weight of full-term infants, while modest in size, are in line with other determinants of birth weight such as feeding programs, extreme weather events, and air pollution. Moreover, because the effects of sunshine are estimated to diverge by race, these estimated effects represent a nontrivial portion of the racial gap observed in birth weight. Exploring the policy implications of these results-for example, increased vitamin D supplementation for black mothers and avoidance of the sun for white mothers-as well as the effects that sun exposure may have on other aspects of the birth process (fertility, gestation, other measures of infant health), and on health outcomes more generally, are worthwhile directions for future research.
